In this work, we demonstrate propagating surface plasmon polariton (SPP) coupled photoluminescence (PL) excitation of single-walled carbon nanotube (SWNT). SPPs were launched at a few micrometers from individually marked SWNT, and plasmon-coupled PL was recorded to determine the efficiency of this remote in-plane addressing scheme. The efficiency depends upon the following factors: (i) longitudinal and transverse distances between the SPP launching site and the location of the SWNT and (ii) orientation of the SWNT with respect to the plasmon propagation wave vector (k SPP ). Our experiment explores the possible integration of carbon nanotubes as a plasmon sensor in plasmonic and nanophotonic devices. [8, 10, 11] , and large optical gain [12] create a strong motivation to explore the integration of SWNT optical properties in a plasmonic platform.
The superior electrical transport and the unique optical properties of single-walled carbon nanotubes (SWNTs) have become a center of interest for two reasons. One, from the viewpoint of nanoscale physics and their applications in the next generation nano-optoelectronic devices [1, 2] ranging from photon generation [3, 4] , and from nanoscale integrated photonic detectors [5] . Combined with plasmonics, these one-dimensional systems offer a potential technological solution to interface near-field optics and nano-electronics in the pursuit to establish a controlled optical exchange. A device, based upon such a platform, requires increasing the knowledge of the physical laws governing communication and exchange mechanisms between functional elements on nanometer length scales. For instance, electromagnetic near-field interactions between individual quantum objects and propagating surface plasmons needs to be understood with respect to fundamental parameters governing the interfacing mechanisms. Attempts were made in [6, 7] by addressing semiconducting quantum dots via running a surface plasmon. Recently, Hartmann et al., reported the launching of surface plasmon polaritons (SPPs) in metal films by single SWNT acting as dipolar emitters, indicating an energy transfer from the nanotube excitons to the surface plasmons [8] . The demonstration of enhanced spontaneous emission of semiconducting materials near nanostructured metallic surfaces [9] , exciton-plasmon conversion [8, 10, 11] , and large optical gain [12] create a strong motivation to explore the integration of SWNT optical properties in a plasmonic platform.
In this Letter, we report on remote in-plane photoluminescence (PL) excitation of individual SWNT by propagating SPPs in metal thin film strip waveguides. Our experiment provides critical information on the coupling properties between a propagating surface plasmon mode and electronic resonances of an individual SWNT.
High pressure carbon monoxide (HiPCO) synthesized SWNTs were dispersed in a 1% wt. sodium dodecyl sulfate solution by sonication and were subsequently processed by centrifugation [8] . The nanotubes used in our experiment range in diameter between 0.7-1.2 nm. Nanotubes were randomly deposited on top of plasmonic waveguides by spin coating. The strip waveguides were fabricated by standard electron-beam lithography and lift-off processes on indium tin oxide (ITO)-coated cover glass slips. The structure consists of Au strips of varying length (∼10-30 μm), with a width of 5 μm and a thickness of 35 nm. On top of the Au waveguides, an additional spacer consisting of a 10 nm thick SiO x (x 1.5-2.0) layer was deposited by thermal evaporation to prevent quenching of the nanotube's PL via coupling to largemomentum "lossy" modes in the metal film that decay nonradiatively [13] . We used an inverted optical microscope with an oil immersion objective (NA 1.49) and a p-polarized laser emitting at λ 785 nm for launching SPPs along the waveguide in a Kretschmann-like configuration. Leakage radiation microscopy was used to determine the characteristics of the SPPs [14] . Our choice of wavelength is motivated by the relatively long propagation length of SPPs in the near-infrared spectral region. Although, the excitation efficiency of nanotubes, at this wavelength not matching E 22 energies is reduced. However, their excitation is still possible through phonon-assisted transitions [15] .
SPPs were launched at a few micrometer from individually marked SWNT. Their PL emission was recorded by a charge-coupled device (CCD) camera positioned at a conjugated image plane of the microscope. A combination of cutoff filters (dichroic at 785 nm, and longpass at 850 nm) was used to suppress direct laser transmission and to select the emission of (9, 1), (8, 3) , and (6, 5) nanotubes.
A scanning electron micrograph (SEM) of individual SWNT placed on a plasmonic waveguide is shown in Fig. 1(a) . The launching of propagating SPPs in the strip waveguide is illustrated in the leakage radiation image of Fig. 1(b) . The plasmon is excited in the Au reservoir and propagates from left to right as indicated by the propagation wave vector (k SPP ). The image was acquired without any spectral filtering. Figure 1 (c) was obtained with spectral filtering and an acquisition time of 120 seconds for a laser excitation intensity 13 kW∕cm 2 . PL emission of the nanotube, indicated by an arrow in Fig. 1(a) , is observed at a distance of approximately ∼4 μm from the laser beam suggesting a remote excitation of the nanotube by the SPPs. Residual laser light not completely suppressed by the cutoff filters is visible at the launching site due to a small angular tilt of the excitation beam on the rejection interference filter. To confirm the SPP-induced PL excitation, we rotated the polarization of the incoming laser light by 90°. For this s-polarization SPPs are no longer excited and consequently no light emission at the location of nanotube is observed [ Fig. 1(d) ]. Furthermore, we found that the PL emission was inhibited after subsequent SEM analysis. Exposure of SWNTs to an electron beam is known to degrade its PL properties [16] . This strongly supports the PL origin of light recorded at the position of the nanotube in Fig. 1(c) .
Theoretical and experimental studies clarified that optical transitions in SWNTs are dominated by exciton dyanamics where excited electrons and holes are strongly confined to form a bound exciton state of energy (∼0.3-1.0 eV) in small diameter semiconducting nanotubes [17] [18] [19] . The excitation efficiency of plasmonexciton interaction in semiconducting SWNT is determined here by studying the intensity variation of plasmon-mediated PL with respect to the longitudinal and transverse profiles of the propagating SPP mode. Longitudinal (x-axis) and transverse (y-axis) distances between the SPP excitation spot and the coupled PL of the nanotube are represented by the reference frame (x-y) in Fig. 1(c) . The SPP mode profiles were extracted from the direct leakage radiation image [ Fig. 1(b) ]. The distance between the position of the nanotube and the excitation spot was controlled by piezo-actuators. The background corrected SWNT PL intensity is plotted against varying longitudinal distances from the SPP excitation spot in Fig. 2(a) . The PL intensity decreases exponentially with the increased longitudinal distance from the SPP excitation point. To investigate the longitudinal coupling efficiency, we compared the intensity of the PL response with the propagating SPP profile. The longitudinal intensity variation of the SPP mode is given by the expression I L ≈ I 0 exp−x∕L SPP , where x is the longitudinal variable and L SPP is the decay length of SPP. L SPP depends on the dielectric constants of Au (ε 1 −22.5 i1.4) and SiO x (ε 2 2.25) at λ 785 nm. We calculated a plasmon decay length of 7.2 μm for our configuration in accordance with the L SPP obtained from the best-fit result of the experimental profile [solid line in Fig. 2(a) ]. The PL intensity (stars) follows reasonably well the propagating plasmon profile confirming the plasmon excitation of the nanotube. The bump at ∼4.5 μm in the longitudinal plasmon profile of Fig. 2(a) is not associated with the SPP scattering by the nanotube. The leakage radiation image of Fig. 1(b) and its cross-section in Fig. 2(a) were measured on a long gold strip (30 μm) to obtain a measurable L SPP not affected by the strip termination. The origin of bump and oscillations in Fig. 2(a) are related to the plasmon excitation conditions, particularly angle and effective numerical aperture of the incident beam [20] . Figure 2(b) shows the normalized PL intensity plotted against the transverse plasmon profile. In our configuration, the SPP transverse cross-section is dictated by the geometry of the excitation spot. The transverse SPP intensity profile is approximated by a Gaussian shape I T ≈ A exp−y 2 ∕w, where A and w are fitting parameters and y is the transverse distance. The intensity variation of the SWNT PL (stars) is reproducing the envelope of the SPP mode.
Surface plasmon interaction with the nanotubes provides higher oscillator strength than the one associated with standard PL [21] . An absolute value for the coupling efficiency of SPP to nanotube PL is difficult to access. However, we have shown above that the PL emission depends on the longitudinal and transverse profile of the propagating SPP. Any SWNT-based plasmonic device relying on this coupling scheme must take into account the intrinsic characteristics of the SPP longitudinal and transverse profiles. Damping of the electric field strength in propagating SPPs and the geometry of the excitation spot explains the weaker plasmon-exciton coupling beyond ∼7.2 μm and ∼0.7 μm in the longitudinal and transverse directions, respectively. Together, with SEM images, the longitudinal and transverse excitation efficiencies were used to deduce the orientation-dependent PL emission of the nanotube. The PL intensity with respect to nanotube orientation is plotted in Fig. 2(c) . The intensity of the PL transition follows a cos 2 θ SWNT pattern, where θ SWNT denotes the angle between the SWNT axis and k SPP . The intensity is found to be maximal when the orientation of the nanotube is parallel to k SPP and minimal for the perpendicular orientation.
The interaction between excitonic states and propagating SPP modes results into SPP-exciton coupling in semiconducting SWNTs. The strongest optical response can be observed for light polarization along the nanotube axis [19, 22] . The SPP-coupled PL transition in nanotubes is mediated via a dipole-dipole interaction between the dipole moment of the exciton transition and the electric field produced by the SPP. The physical phenomena of this interaction has been described by a system of twocoupled oscillators [23] . Since the SPP has a polarization component along its wave vector, excitons are efficiently excited when the nanotube axis is aligned in the SPP propagation direction. Thus, qualitatively the in-plane remote excitation of SWNT is the product of longitudinal, transverse, and orientation-dependent coupling efficiencies.
In summary, we presented a surface plasmon based excitation scheme for exciton generation in SWNTs. The coupling efficiency related to in-plane remote optical addressing of SWNTs by propagating SPPs has been interpreted in accordance to the SPP profile. Our results demonstrate that SWNTs can act as a sensor for propagating SPPs and provide a step towards the integration of plasmonic circuits based on SWNTs.
